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Estimating the Rate of Intersubtype Recombination in Early HIV-1
Group M Strains
Melissa J. Ward,a Samantha J. Lycett,a Marcia L. Kalish,b Andrew Rambaut,a,c Andrew J. Leigh Browna
University of Edinburgh, Institute of Evolutionary Biology, Ashworth Laboratories, Edinburgh, United Kingdoma; Vanderbilt University, Vanderbilt Institute for Global
Health, Nashville, Tennessee, USAb; Fogarty International Center, National Institutes of Health, Bethesda, Maryland, USAc
West Central Africa has been implicated as the epicenter of the HIV-1 epidemic, and almost all group M subtypes can be found
there. Previous analysis of early HIV-1 group M sequences from Kinshasa in the Democratic Republic of Congo, formerly Zaire,
revealed that isolates from a number of individuals fall in different positions in phylogenetic trees constructed from sequences
from opposite ends of the genome as a result of recombination between viruses of different subtypes. Here, we use discrete an-
cestral trait mapping to develop a procedure for quantifying HIV-1 group M intersubtype recombination across phylogenies,
using individuals’ gag (p17) and env (gp41) subtypes. The method was applied to previously described HIV-1 group M sequences
from samples obtained in Kinshasa early in the global radiation of HIV. Nine different p17 and gp41 intersubtype recombinant
combinations were present in the data set. The mean number of excess ancestral subtype transitions (NEST) required to map
individuals’ p17 subtypes onto the gp14 phylogeny samples, compared to the number required to map them onto the p17 phy-
logenies, and vice versa, indicated that excess subtype transitions occurred at a rate of approximately 7 103 to 8 103 per
lineage per year as a result of intersubtype recombination. Our results imply that intersubtype recombination may have oc-
curred in approximately 20% of lineages evolving over a period of 30 years and confirm intersubtype recombination as a sub-
stantial force in generating HIV-1 group M diversity.
Strains of human immunodeficiency virus type 1 (HIV-1) sep-arate into the following four phylogenetically distinct groups:
M, N, and O, believed to have arisen via independent transmis-
sions of simian immunodeficiency virus (SIV) from chimpanzees
(1, 2), and group P, which is closely related to strains from gorillas
(3). HIV-1 group M is the most common globally, being respon-
sible for over 95% of infections worldwide. Within HIV-1 group
M, several phylogenetically distinct subtypes (A, B, C, D, F, G, H,
J, and K) (4), which are very divergent genetically, exist (5). Kin-
shasa, the capital of theDemocratic Republic of theCongo (DRC),
formerly Zaire, has been implicated as the epicenter of the HIV-1
groupM epidemic (reviewed in reference 6). It is thought that the
individual subtypes found in the city of Kinshasa emerged as a
result of founder effects and geographical isolation (7–9).
HIV is a rapidly evolving pathogen with a high mutation rate
resulting from an error-prone replication cycle (10, 11) and short
generation time (12). HIV-1 virions contain two copies of the
single positive strand of RNA which encodes the HIV-1 genome.
Viruses which are identifiable as recombinants can arise through
template switching during reverse transcription, when more than
one genetically distinct virus is harbored in an infected cell at the
same time (13). In vitro studies have estimated a minimum of 2.8
crossover events per genome per round of replication—an order
of magnitude higher than the mutation rate (14). Mutation and
recombination can thus both play a significant role in generating
intrahost diversity in HIV-1 (5, 15).
Recombination in HIV-1 can occur between viruses of the
same subtype (16, 17) and between viruses of different subtypes
(18). Multiple infections of individuals with viruses of different
subtypes, a prerequisite for intersubtype recombination, may re-
sult from a single transmission of genetically different viruses or a
subsequentHIV infection acquired by an already infected individ-
ual. Intersubtype recombination was identified as a major mech-
anism for the generation of HIV-1 group M diversity by Robert-
son et al. (18), who reported numerous individuals from whom
sequences from the gag and env regions (i.e., fromopposite ends of
the genome) were of different subtypes based upon phylogenetic
analysis. Intersubtype recombinant viruses with the same break-
points which are known to have caused infection in three or more
epidemiologically unlinked individuals are known as circulating
recombinant forms (CRFs) (4). At least 50 CRFs have now been
characterized (see www.hiv.lanl.gov), and intersubtype recombi-
nant viruses are thought to account for more than 20% of HIV
cases worldwide (19).
Vidal et al. (7) analyzed HIV-1 groupM sequences sampled in
the DRC in 1997, finding discordant gag (p24) and env (V3-V5)
subtypes in 29% of samples and providing evidence that most
subtypes were involved in intersubtype recombination. Subse-
quently, Kalish et al. (9) found that over 25% of sampled infected
hospital workers in Kinshasa in the mid-1980s had discordant gag
(p17) and env (gp41) subtypes. However, while the prevalence of
intersubtype recombinant HIV viruses can be estimated from se-
quencing studies, little is known about the frequency with which
such viruses arise in vivo (20) and no estimates are available for the
rate at which they contribute to HIV diversity at the interhost
(population) level or how intersubtype recombination has oper-
ated historically.
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Previous phylogenetic approaches for investigating recombi-
nation have focused on detecting phylogenetic incongruences
(e.g., see reference 21) rather than quantifying the amount of re-
combination between phylogenies or estimating recombination
rates. In contrast, in this study, we used Bayesian discrete ancestral
trait-mapping methods (22–26) to quantify intersubtype recom-
bination in population-level phylogenies by comparing trees for
protein-coding sequences at different ends of the HIV-1 genome.
We calculated the number of excess ancestral subtype transitions
required to map individuals’ viral subtypes for sequences from
one end of the genome onto the tree for the opposite end of the
genome compared to the number required to map subtypes onto
the tree for the correct end of the genome. This quantity was then
scaled to estimate the rate (per year) at which lineages would be
expected to undergo intersubtype recombination. The method
was applied to the data set of Kalish et al. (9), comprising p17 gag
and gp41 env sequences isolated from hospital workers in Kin-
shasa between 1984 and 1986. Due to the cocirculation of all sub-
types (except B) in Kinshasa, this data set provided an unparal-
leled opportunity to investigate intersubtype recombination
within a freely mixing population and allowed us to obtain a phy-
logenetic quantification of population-level HIV-1 group M in-
tersubtype recombination.
MATERIALS AND METHODS
HIV-1 sequence data. All HIV-1 sequences for the gag p17 and env gp41
regions published by Kalish et al. (9) were downloaded from GenBank.
The sequences had been obtained from hospital workers in Kinshasa be-
tween 1984 and 1986 as part of the Projet SIDA surveillance program by
consensus sequencing of PCR-amplified RNA directly from serum sam-
ples. Data sets were created containing only sequences from persons (a
total of 57) for whom both gp41 and p17 sequences were available (see
Table S1 in the supplemental material). Sequences were alignedmanually
using BioEdit (27), and the alignments were 429 bp and 369 bp long for
p17 and gp41, respectively. In order to assign subtypes to the p17 and gp41
sequences, reference sequences from the Los AlamosHIVDatabase (www
.hiv.lanl.gov) were downloaded for each subtype as well as for CRFs 01
and 02. Chimpanzee (CPZ.CM.1998.CAM3.AF115393) gp41 and p17 se-
quences, which fall basal to HIV groups M and N (28), and reference
sequences for group N and group O viruses (Ref.N.CM.95.
YBF30.AJ006022 and Ref.O.BE.87.ANT70.L20587, respectively) were
downloaded for use as outgroups.
Subtyping and preliminary phylogenetic analysis. Phylogenetic
analyses were conducted to assign subtypes to the p17 and gp41 se-
quences, since some uncertainty had been reported in the neighbor-join-
ing analysis of Kalish et al. (9). Maximum likelihood (ML) phylogenetic
trees were constructed in PhyML (29) with 1,000 bootstrap replicates. A
general time-reversible model (30) of nucleotide substitution was imple-
mented, with gamma-distributed rate heterogeneity across sites and four
rate categories. The effect of using different outgroups (group N or O or
chimpanzee sequences) or a midpoint rooted tree was considered. Se-
quences were classified as a particular subtype if they belonged to a clade
containing a reference sequence of that subtype and no reference se-
quences of any other subtype. Sequences which were basal to clades con-
taining two or more subtypes were labeled as “unclassified.”
Preliminary Bayesian phylogenetic analysis was carried out using
Bayesian evolutionary analysis by sampling trees (BEAST) (31) to confirm
the subtyping of sequences from the ML analysis and determine the mo-
lecular clock model providing the best fit to the data. A relaxed demo-
graphic prior (Bayesian skyline with 5 bins) (32) was implemented, and
the SRD06 nucleotide substitution model (33) was used. Since precise
sample date information was not available for the sequences, the mean
substitution rate for the uncorrelated lognormal relaxed clock model was
fixed to 1, returning branch lengths in units of substitutions per site.
Markov chain Monte Carlo (MCMC) sampling took place every 10,000
generations over a period of 100 million generations in all BEAST runs,
with a burn-in of 10 million generations. The chain traces were inspected
in the Tracer software (31) (available from http://beast.bio.ed.ac.uk
/Tracer) to indicate whether stationarity had been achieved, and multiple
runs were compared for all analyses. Effective sample sizes (ESS) were
greater than 200 for all parameters estimated.
Within-gene recombination analysis. In order to investigate whether
recombination had taken place within the gene fragments encoding the
gp41 and p17 proteins, a single breakpoint analysis (34, 35) was per-
formed on the individual p17 and gp41 alignments using HyPhy (36) on
the DataMonkey web server (37) (www.datamonkey.org).
Intersubtype recombination analysis. Sequences in the p17 and gp41
alignments were labeled according to both the p17 and gp41 subtypes for
that individual, and intersubtype recombinant viruses were identified by a
discrepancy between p17 and gp41 subtypes. Discrete ancestral trait map-
ping in BEAST was used to infer ancestral subtypes along the posterior
phylogeny samples. Starting with the subtypes at the tips of the tree, tran-
sitions between ancestral subtypes were modeled as an asymmetric con-
tinuous-time Markov process (22). In order to quantify the amount of
intersubtype recombination between opposite ends of the genome, both
the p17 and gp41 subtypes were independently mapped onto the p17 and
gp41 phylogeny samples. The same MCMC settings were used as de-
scribed for the preliminary BEAST analysis.
The number of ancestral subtype transitions along each BEAST phy-
logeny sample was counted using the “Markov jumps” method described
by Minin and others (23–26) (see Fig. S1 in the supplemental material).
The number of excess ancestral subtype transitions (NEST) required to
map subtypes onto the phylogeny for the wrong gene (e.g., p17 subtypes
onto the gp41 tree), compared to the number required to map subtypes
onto the phylogeny for the correct gene (e.g., p17 subtypes on the p17
tree), was calculated for 9,000 randomly paired gp41 and p17 posterior
phylogeny samples. Intervals of 95%highest posterior density (HPD) (the
narrowest Bayesian credible intervals containing 95% of the data) were
calculated for the NEST across the paired phylogeny samples.
In the absence of intersubtype recombination, the number of ancestral
subtype transitions would be the same when subtypes for one end of the
genome (e.g., p17) were mapped onto phylogenies for both the p17 and
gp41 regions and the 95% HPD interval for the NEST would be centered
on zero. Since intersubtype recombination events create excess ancestral
subtype transitions when individuals’ viral subtypes from one part of the
genome are mapped onto the tree for another part of the genome, the
NEST allows the amount of intersubtype recombination which can be
detected between the two genome regions to be quantified. We rescaled
the NEST to estimate the rate (per lineage per year) at which excess
ancestral subtype transitions occurred as a result of intersubtype recom-
bination. For each pair of phylogeny samples, the NEST was divided by
the sumof the branch lengths (in units of substitutions per site) of the tree
from the opposite end of the genome to the subtypes being mapped (e.g.,
gp41 tree when mapping p17 subtypes) and then multiplied by an esti-
mate of the rate of HIV-1 nucleotide substitution of 2.47 103 substi-
tutions/site/year (38) (see Fig. S2 in the supplemental material).
The potential for difficulty in assigning subtypes to have introduced
error into the analysis was investigated by repeating the analysis using
alternative subtype labeling for sequences which were difficult to classify
as well by labeling sequences by the clade to which they belonged at a
cutoff defined at the root of the subtype A clade in the maximum clade
credibility (MCC) tree (see Fig. S3 and S4 in the supplemental material).
Defining a cutoff near the root of the subtype A clade resulted in 10 clades
being defined on the gp41 tree and 7 or 10 clades on the p17 tree, i.e.,
similar to the number of subtypes identified in the maximum likelihood
analysis.
Ward et al.
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RESULTS
Intersubtype recombinant viruses in Kinshasa. “Potentially
pure” viruses, for which an individual’s p17 and gp41 sequences
were of the same subtype, were present in the Kinshasa data set for
all subtypes exceptH, which is globally rare, and B, which does not
appear among African sequences from this time (39). Discordant
p17 and gp41 subtypes were found in 26% of individuals under
the maximum likelihood phylogenetic analysis (Fig. 1), in line
with a previous analysis of this data set (9). Nine different discor-
dant p17 and gp41 subtype combinations were present in the data
set (Table 1), and subtypes A, D, F, G, H, and J were involved in
intersubtype recombinations. Subtype A, which was the most fre-
quently occurring potentially pure subtype, was also the most
commonly represented subtype among the recombinant viruses,
with 11 out of the 15 (73%) recombinant viruses having a p17 or
gp41 sequence of subtype A. The most frequently occurring re-
combinant virus was of type A_G (3 out of 15, i.e., 20% of the
recombinant viruses). Additionally, three viruses were labeled
as recombinants since their p17 sequences were of subtype A
while their gp41 sequences formed a clade of their own, clus-
tering in the maximum likelihood trees with reference se-
quences of type CRF 01.
Discrete ancestral trait mapping of p17 and gp41 subtypes was
performed upon sets of BEAST phylogenies for the p17 and gp41
regions, and limited evidence for clustering of the recombinant
viruses was observed in the maximum clade credibility (MCC)
trees (Fig. 2). The two gp41 sequences fromD_F viruses clustered
together in the gp41 tree (posterior probability P value 0.902),
and their p17 sequences were also sister lineages (P  0.686). In
the p17 tree, two of the three A_CRF01 viruses clustered together
(P 0.917) and also clustered in the gp41 tree (P 0.998). Since
clustered HIV sequences are often considered to be epidemiolog-
ically linked (40), these clusters may represent a single intersub-
type recombination event, followed by transmission of the recom-
binant virus. Clusters of intersubtype recombinant viruses arising
from a single recombination event, followed by transmission of
the recombinant virus, would incur only one additional ancestral
subtype transition in our method for quantifying recombination,
whereas multiple independent intersubtype recombinations
across the tree would require further additional transitions.
Within-gene recombination analysis. No evidence of recom-
bination was detected within the p17 or gp41 alignments using a
single breakpoint analysis (35) under either the Bayesian informa-
FIG 1 Subtype distribution of HIV-1 groupM in Kinshasa. The gp41 and p17
regions of HIV-1 group M were sequenced for 57 individuals by Kalish et al.
(9). Percentages of individuals infected with potentially pure viruses (i.e., with
the same gp41 and p17 subtype) of a given subtype on the basis of maximum
likelihood phylogenetic analysis are reported. A total of 26% of the viruses
were classified as recombinant (Rec.) on the basis of different subtypes having
been assigned to the p17 and gp41 regions.
TABLE 1 Frequency of recombinant typesa
p17 subtype gp41 subtype Frequency
A G 3
A H 1
A J 2
A CRF01 3
D F 2
D G 1
G A 1
H A 1
J U 1
a The p17 and gp41 subtypes of discordant sequences and their frequency of occurrence
in the data set are reported. Note that “U” denotes an unclassifiable sequence and
“CRF01” denotes the circulating recombinant form previously known as subtype E,
which forms a distinct clade at the 3= end of the genome.
FIG 2 Maximum clade credibility (MCC) trees for the Kinshasa 1984 data set,
colored by ancestral subtype. Maximum clade credibility trees were con-
structed using BEAST. Branches were colored according to inferred ancestral
subtypes, mapping individuals p17 subtypes onto the p17 tree samples (A),
patients’ p17 subtypes onto the gp41 trees (B), gp41 subtypes onto the gp41
trees (C), and gp41 subtypes onto the p17 trees (D). The number of p17 and
gp41 subtype transitions (Markov jumps) across the treewas recorded for each
posterior phylogeny sample. Clustering of recombinant sequences can be ob-
served in the MCC trees for two D_F individuals (marked with circles; poste-
rior probabilities of being sister lineages are 0.686 and 0.902 in the p17 and
gp41 trees, respectively) and twoA_CRF01 individuals (markedwith triangles;
posterior probabilities of being sister lineages are 0.917 and 0.998 in the p17
and gp41 trees, respectively). Branch lengths are in units of substitutions per
site.
Rate of HIV Intersubtype Recombination
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tion criterion (BIC) or the corrected Akaike information criterion
(AICc).
Quantifying intersubtype recombination. Discrete trait-
mapping methods in BEAST have previously been used for phy-
logeographic analysis of viral sequence data (e.g., see references
22, 26, and 41) but can also be used to infer other ancestral char-
acter state data onto phylogenies, such as host species (42). Such
methods have recently been applied to investigate reassortment in
swine influenza (43). Here, we propose a newmethod for investi-
gating intersubtype recombination in HIV using Markov jump
counting of ancestral subtype transitions. If there are k different
states at the tips of a phylogeny, theminimumnumber of ancestral
state transitions observed across the phylogeny is k  1. When
HIV-1 group M subtypes were mapped onto the BEAST phylog-
eny for the correct gene (i.e., p17 subtypes on the p17 tree or gp41
subtypes on the gp41 tree), the number of ancestral subtype tran-
sitions across the tree lay toward this minimum number (Fig. 3
and 4; see also Fig. S1 in the supplemental material) and phyloge-
netic uncertainty accounted for instances in which more transi-
tions were required. A greater number of ancestral subtype tran-
sitions were required to map individuals gp41 or p17 subtypes
onto phylogeny samples for the other end of the genome (p17
subtypes on the gp41 tree or gp41 subtypes on the p17 tree) than to
map themonto phylogeny samples for the correct gene (Fig. 3 and
4) as a result of intersubtype recombination. Intersubtype recom-
bination may thus be detected from the phylogenies in this way.
The mean number of excess ancestral subtype transitions
(NEST) required to map the p17 subtypes onto the gp41 phylog-
eny samples, compared to the number required to map the p17
subtypes onto the p17 phylogeny samples, was 10.55 (95% HPD
interval, 2 to 18). The mean NEST for mapping gp41 subtypes
onto p17 and gp41 phylogeny samples was 12.18 (95% HPD in-
terval, 5 to 20). When the NEST was rescaled as described in Ma-
terials and Methods and Fig. S2 in the supplemental material, the
rate at which excess ancestral substitutions arose was estimated to
be 6.93  103 per lineage per year (95% HPD interval, 2.39 
103 to 1.30 102) using p17 subtype labels and 8.11 103 per
lineage per year (95%HPD interval, 3.11 103 to 1.41 102)
using gp41 subtype labels.
The substantial overlap of the HPD intervals for NEST and for
the rescaled NEST indicated that the estimates obtained using p17
and gp41 subtypes were not significantly different. Slight differ-
encesmay have arisen because different numbers of gp41 subtypes
and p17 subtypes (9 and 11, respectively) were present in the data
set. HPD intervals were similar (see Table S2 in the supplemental
material) when alternative subtype labelings were used for se-
quences which were difficult to classify and when clades were de-
fined from a predetermined cutoff point along the tree (see Fig. S3
and S4 in the supplemental material), indicating that our results
were robust to potential errors in subtyping of sequences.
DISCUSSION
Understanding recombination as an ancestral process is impor-
tant for unraveling the evolutionary history ofHIV and explaining
the pattern of HIV diversity (44). In addition, recombination can
FIG 3 Number of inferred p17 ancestral subtype changes across phylogeny
samples. The number of ancestral subtype transitions across phylogeny sam-
ples was inferred using ancestral trait mapping in BEAST, mapping p17 sub-
types onto the p17 and gp41 phylogeny samples. The number of excess subtype
transitions (NEST) required to map the ancestral p17 subtypes onto the phy-
logeny for the “wrong” gene, compared to the number required for mapping
them onto the correct phylogeny, was calculated across paired phylogeny sam-
ples. Histograms indicate the numbers of subtype transitions across 9,000
post-burn-in samples of phylogenies.
FIG 4 Number of inferred gp41 ancestral subtype changes across phylogeny
samples. The number of ancestral subtype transitions across phylogeny sam-
ples was inferred using ancestral trait mapping in BEAST, mapping gp41 sub-
types onto the p17 and gp41 phylogeny samples. The number of excess subtype
transitions (NEST) required tomap the ancestral gp41 subtypes onto the phy-
logeny for the “wrong” gene, compared to the number required for mapping
them onto the correct phylogeny, was calculated across paired phylogeny sam-
ples. Histograms indicate the number of jumps across 9,000 post-burn-in
samples of phylogenies.
Ward et al.
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confound phylogenetic analyses which assume that a single evo-
lutionary tree applies to the whole of an alignment (45), leading to
false positives when detecting sites under positive selection (46,
47) and affecting estimates of divergence dates (48, 49), or at least
increasing the variance of such estimates (50).
Although previous studies have investigated crossover rates in
vitro, these do not measure the rate at which intersubtype recom-
bination contributes to HIV diversity at the interhost phyloge-
netic level, a contribution which arises from a more complex,
composite process. For an intersubtype recombination event to be
detected from a population-level phylogeny, an individual must
firstly be infected with viruses of more than one subtype, an inter-
subtype recombination must take place, and the resulting recom-
binant virus must be viable and become the dominant strain
within an individual. While procedures have been developed for
detecting recombination on the basis of phylogenetic discordance
(e.g., see reference 51), methods for quantifying recombination
across phylogenies are lacking. It has therefore been difficult to
compare the rate of recombination and other evolutionary pro-
cesses, such as nucleotide substitution, which contribute to the
observed diversity of HIV-1 groupM in populations such as Kin-
shasa.
We have been able to obtain an ancestral quantification of
intersubtype recombination in HIV-1 groupM. This extends ear-
lier studies (7, 9), which simply reported the prevalence of viruses
with discordant subtypes. By analyzing viral sequence data from
Kinshasa, where almost all HIV-1 group M subtypes cocirculate,
the observed recombination events can reasonably be assumed to
have occurred within this population.
Our intersubtype recombination rate estimate of 6.93 103
to 8.11 103 excess ancestral subtype transitions per lineage per
year was obtained bymapping individuals’ subtypes fromone end
of the genome onto phylogenies for the other end of the genome.
The rate estimate can be compared to other evolutionary pro-
cesses, such as the HIV-1 nucleotide substitution rate, which has
previously been estimated as 2.47 103 substitutions per site per
year (38). The HIV-1 genome is 9,700 bp in length, and thus,
nucleotide substitutions are expected to occur approximately 24
times (9,700  2.47  103) per lineage per year across a single
genome. Although our results indicate that the rate at which ex-
cess ancestral subtype transitions arise between different ends of
the genome due to intersubtype recombination is considerably
lower, intersubtype recombination has far greater potential for
instantly generating highly novel HIV-1 group M virus strains
than does the gradual accumulation of nucleotide substitutions
and poses a significant problem for vaccine design (52). We can
also use a Poisson process to calculate the probability that a lineage
evolving for a given period of time would have undergone at least
one intersubtype recombination event (e.g., 1  exp[6.93 
103  time period] or 1  exp[8.11  103  time period])
and estimate that 18.8 to 21.6% of lineages evolving for 30 years in
the population studied would undergo intersubtype recombina-
tion.
The amount of HIV-1 group M intersubtype recombination
observed in this study must be an underestimate of the actual
amount within this population. The use of just two sections of the
genome for identifying recombinant viruses means that isolates
can be designated potentially pure by having the same gp41 and
p17 subtype but, in fact, contain a section derived from a different
parental subtype in another region. Furthermore, more than one
crossover may occur along the HIV genome during reverse tran-
scription and the method used here will not provide a measure of
this. Recombination can also lead to viruses with sections derived
frommore than two parental subtypes, and suchmosaic genomes
would not be detected in this study. It must also be noted that the
hospital workers studiedmayhave been at a higher risk ofmultiple
infection than the general Kinshasa population due to a lack of
universal precautions to prevent blood-to-blood transmission
through the course of their work. However, the HIV-1 group M
prevalence estimate of 3.5% for hospital workers in Kinshasa in
1984 (9) is in line with estimates for childbearing women and
blood donors (both 3.1%) in Kinshasa in 1997 (53). These find-
ings suggested that seroprevalence of HIV-1 had stabilized in Kin-
shasa since the 1980s and that the hospital workers did not exhibit
higher levels of HIV infection than the general population.
Experimental studies of intersubtype recombination in HIV-1
groupMmay provide a basis for further investigations using vari-
ants of our method. For example, Chin et al. (20) compared in
vitro rates of intra- and intersubtype recombination among sub-
typeB andCviruses and attributed the 10-fold-lower intersubtype
recombination rate to a three-nucleotide difference in the
dimerization initiation signal (DIS) region between the subtypes.
It has been reported that HIV-1 group M subtypes fall into two
groups with respect to DIS sequence, with B and D having the
motif GCGCGC and A, C, F, G, H, and J possessing the motif
GTGCAC (54, 55). Chin et al. (20) postulated that subtypes with
different DIS motifs would recombine less frequently than sub-
types which had the same motif. Although there were too few
sequences of each subtype to test this hypothesis on the data set we
analyzed, given additional data, our methods may be extended to
compare rates of recombination between different HIV-1 group
M subtypes.
Other studies (56–58) have shown that recombination break-
points are not distributed randomly across theHIV-1 genome and
have provided evidence for recombination “hot spots” as well as
regions in which recombination is limited. Such patterns are
thought to be due to a combination of mechanistic processes and
selection. Given sequence data frommultiple genomic regions, in
the future, the NEST method may be used to quantify and com-
pare the amounts of recombination between several different
parts of the genome. These analyses may elucidate in vivo restric-
tions to recombination between different HIV-1 group M sub-
types and be reconciled with the findings of studies of constraints
on intersubtype recombination.
In conclusion, we have provided a phylogenetic quantification
of ancestral HIV-1 groupM intersubtype recombination in a pop-
ulation in which viruses of many subtypes are cocirculating. Our
rate estimate yields predictions consistent with the observation
that a substantial proportion of global HIV infections are caused
by intersubtype recombinant viruses. In the future, biological
questions, such as the level of multiple infection which would be
required to observe a given intersubtype recombination rate for
our data set, could be investigated. TheNESTmethodmay also be
compared to population genetic measures of recombination or
ancestral recombination graphs (ARGs) for samples of sequences
(59). Although discrete trait-mapping methods for quantifying
recombination lend themselves most naturally to viruses such as
HIV and influenza, which can be classified into distinct subtypes
(e.g., see reference 43), in principle, they can be applied to any
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virus by defining clades along the phylogenies and labeling the tips
according to the clade to which they belonged.
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